Abstract. Progressive liver fibrosis is the primary cause of liver cirrhosis and hepatocellular carcinoma, and leads to considerable morbidity and mortality. Recent studies have demonstrated that microRNAs (miRNAs or miRs) are associated with fibrotic processes in liver disorders, although the exact role of miR-219 remains unclear and the relevant mechanisms remain to be completely understood. To the best of our knowledge, the present study was the first to demonstrate the functional implications of miR-219 expression during liver fibrosis. The present study reported that miR-219 exhibited significantly reduced expression in serum from patients and that its expression was negatively associated with clinical stage. It was also demonstrated that miR-219 attenuated angiotensin II-induced expression of pro-fibrotic markers, including α-smooth muscle actin, atlastin GTPase 1 and collagen. Additionally, a CCl 4 -induced mouse liver injury model was used to demonstrate that miR-219 strongly suppressed liver fibrosis in vivo. Furthermore, the present study identified tumor growth factor β receptor 2 (TGFBR2) as a direct target gene of miR-219. In conclusion, the results of the present study revealed that miR-219 may regulate pro-fibrotic markers by directly targeting the TGFBR2 gene and the miR-219/TGFBR2 signaling pathway may be a potential therapeutic target for liver fibrosis.
Introduction
Excessive fibrosis in the extracellular matrix (ECM) is the most important cause of liver fibrosis, and eventually results in liver injury (1) . Hepatic stellate cells (HSCs) have been demonstrated to be the primary matrix-producing cells in the liver, serving a critical role in driving liver fibrosis progression (2) . It has been reported that any chronic stimulus may lead to the activation and growth of HSCs, which induce the accumulation of ECM proteins to trigger fibrosis and damage the liver tissue (3, 4) . Although fundamental and genomic advances have contributed towards the understanding of the pathophysiology of the fibrosis response in the liver, definitive therapies are not fully accessible (5) . Accordingly, there is a need for effective therapeutic strategies aimed at novel targets.
A previous study suggested that inflammatory cytokines are associated with fibrotic events and thus lead to the progression of liver disease (6) . It is well established that tumor necrosis factor-α, platelet-derived growth factor and transforming growth factor-β (TGF-β) may mediate a variety of inflammatory reactions and drive a progressive fibrotic response in liver disorders (7, 8) . TGF-β is known to be implicated in various processes associated with the development and progression of hepatic fibrogenesis. TGF-β is composed of TGF-β1, β2 and β3, which are able to modulate downstream signaling via TGF-β receptor 1 (TGFBR1) and TGF-β receptor 2 (TGFBR2) (9, 10) . However, knowledge regarding the association between TGFBR2 and hepatic fibrosis remains limited.
An increasing number of studies have demonstrated that miRNAs are involved in numerous molecular and cellular processes, serving an important role in the diagnosis and treatment of certain diseases (11) . MicroRNAs (miRNAs or miRs), a class of short non-coding RNAs of ~22 nucleotides in length, modulate gene expression post-translation or via the induction of mRNA degradation. A number of miRNAs have been demonstrated to be associated with fibrotic processes in liver disorders, including miR-29, miR-150 and miR-194 (12, 13) . Notably, the regulation of the expression of these miRNAs may halt fibrogenesis in vitro and in vivo, suggesting the significance of miRNAs as a potential target in fibrotic disease (14) . However, the role of miR-219 in liver fibrosis remains to be completely characterized and the precise mechanisms remain unclear.
The present study aimed to investigate the implications of miR-219 expression during liver fibrosis in vitro and in vivo. Furthermore, the present study identified that miR-219 may directly target the TGFBR2 gene and that the miR-219/TGFBR2 signaling pathway may contribute to the diagnosis and treatment of fibrotic liver disease.
Materials and methods
Clinical samples and cell lines. Tissues were obtained from 63 patients (37 males and 26 females; mean age, 61.9±7.9 years) who were undergoing treatment at Ningbo No. 2 Hospital (Ningbo, China), in which a diagnosis of liver fibrosis was proven histopathologically following biopsy. The staging of fibrosis was as follows: 31 patients in stage 0-1; 20 patients in stage 2-4; and 12 patients in stage 5-6. In addition, 12 normal subjects (seven males and five females; mean age of 58.9±6.1 years) were studied as controls. Blood samples were collected from all subjects, which were centrifuged (1,000 x g, 10 min, 40˚C) to harvest the separated serum, which was stored at -80˚C for further analysis. Written informed consent was obtained from either subjects or their family members, and the experiment was approved by the Ethics Committee of Ningbo No. 2 Hospital. In addition, HSCs were isolated from Sprague-Dawley rats (n=24; male; age, 12-16 weeks; weight, 450-550 g) purchased from the Chinese Academy of Science (Shanghai, China). These mice were housed five per cage under the following conditions: Constant temperature, 25˚C; humidity, 40-75%; 12 h light/dark cycle; free access to food and water. HSCs were cultured in RPMI-1640 medium (cat. no. 11875093), supplemented with 10% calf serum (both Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a humidified incubator with 5% CO 2 at 37˚C. After 48 h, angiotensin II (AngII; 100 nM; R&D Systems, Inc., Minneapolis, MN, USA) was used to stimulate HSCs under additional incubation for 48 h.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total miRNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. cDNA was synthesized using the cDNA RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 42˚C. qPCR was performed using a SYBR-Green mix kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) with a 20-µl reaction system under conditions of 95˚C for 30 sec, 95˚C for 3 sec and 60˚C for 30 sec (40 cycles). Relative expression levels of miRNA and other indicators were calculated using the 2 -∆∆Cq (15) method in triplicate, and GAPDH or U6 were used as internal controls for normalization. The primer sequences used were as follows: miR-219 forward, 5'-ACA CTC CAG CTG GGT GAT TGT CCA AAC GCA AT-3' and reverse, 5'-CTC AAC TGG TGT CGT GGA-3; TGFBR2 forward, 5'-GTA GCT CTG ATG AGT GCA ATG AC-3' and reverse, 5'-CAG ATA TGG CAA CTC CCA GTG-3'; collagen I forward, 5'-GAA CCT GGG ATA GCA GGA CAC-3' and reverse, 5'-CAT AGT GGG TCC ACA AAG ACA TC-3'; collagen III forward, 5'-GAA CCT GGG ATA GCA GGA CAC-3' and reverse, 5'-CAT AGT GGG TCC ACA AAG ACA TC-3'; α-SMA forward, 5'-CAT CAC GAA CTG GGA TGA CATG-3' and reverse, 5'-CAT CTT CTC CCT GTT GGC TTT AG-3'; FSP1 forward, 5'-GAG GCT TTA CTC GCA CTT CG-3' and reverse, 5'-ACC CTA CGC AGA CTC CCA G-3'; GAPDH forward, 5'-AGA AGG CTG GGG CTC ArT TG-3' and reverse, 5'-AGG GGC CAT CCA CAG TCT TC-3'; and U6 reference gene forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3.
miR-219 target prediction and luciferase reporter assay. The potential targets of miR-219 were predicted using online programs with databases of different algorithms, including EIMMO (http://www.mirz.unibas.ch/ElMMo3) and miRanda-mirSVR (http://microRNA.org). For the luciferase assay, HSCs (2.5x10 5 cell/well) were seeded in 6-well plates and co-transfected with luciferase reporter plasmids [pmiR-TGFBR2-wild-type (WT) or pmiR-TGFBR2-mutant (Mut)] (Promega Corporation, Madison, WI, USA), along with miR-219-mimics or controls using Lipofectamine ® 2000 (Gibco; Thermo Fisher Scientific, Inc.). Luciferase activity was analyzed using the Dual-Luciferase Reporter system (Promega Corporation), according to the manufacturer's protocol. The luciferase activity was determined via comparison with Renilla luciferase activity when the cells had been lysed with a passive lysis buffer.
Western blot analysis. Total protein was extracted from HSCs using a total protein extraction kit (ProMab Biotechnologies, Richmond, CA, USA), according to the manufacturer's protocol. Western blot analysis was performed as previously described (16) . Primary antibody (rabbit-anti-p21; cat. no. ab188224, 1:500; rabbit-anti-GAPDH, cat. no. ab181603, 1:500; both Abcam, Cambridge, UK) were incubated at 4˚C overnight, and the secondary goat anti-rabbit IgG H&L (horseradish peroxidase) antibody (cat. no. ab97051; 1:2,000; Abcam) was incubated at room temperature for 2 h. GAPDH was used as a protein loading control.
Immunofluorescence cytochemistry. HSCs (1.2x10 6 cells/ml) were respectively transfected with 30 nM miRNA-219 mimics or negative control miRNA mimics in 6-well plates using siPort Neo-FX (both Ambion; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The following sequences were used: miR-219 mimic agomir sense, 5'-AAA AGA ATT CCC ACT TCC CAC TCC AGA CATT-3' and antisense, 5'-AAA GCG GCC GCC CCT CAC TTC TCC GTA ACCC-3'. The negative control for the agomir was sense, 5'-UUC UUC GAA CGU GUC ACG UTT-3' and antisense, 5'-ACG UGA CAC GUU CGG AGA ATT-3'. Following transient transfection (24 h ), the cells were synchronized in low-glucose medium (cat. no. 22320030; Thermo Fisher Scientific, Inc.) without serum for 24 h, and stimulated with AngII, according to a previously-published protocol (17) . The expression of α-smooth muscle actin (α-SMA; cat. no. ab5831; 1:1,000; Abcam) was determined by immunofluorescence cytochemistry as previously described (18) .
Chronic mouse liver injury model. C57BL/6J mice (n=24; male; age, 12-16 weeks; weight, 450-550 g) were housed five per cage under the following conditions: Constant temperature, 25˚C; humidity, 40-75%; 12 h light/dark cycle; free access to food and water. These mice were administrated with CCl 4 solution by intraperitoneal injection, and liver injury was established as previously described (19) . The mice were randomly divided into three groups, termed the sham-operated group (8 mice), control group (8 mice with liver injury) and observation group [8 mice with liver injury receiving tail vein injection of miRNA-219 agonist (5 mg/kg; 200 µl, MedChemExpress, Monmouth Junction, NJ, USA)]. Mice were sacrificed following daily administration for 14 days, and liver tissues were collected and processed for detecting the expression of collagen mRNA by RT-qPCR, and for immunohistochemistry. All the procedures were performed in accordance with national (D.L.n.26; March 4th, 2014) and international laws and policies (directive 2010/63/EU) (20) . All experiments involving animals were approved by the Ethics Committee of Zhejiang Chinese Medical University.
Morphological alterations. Alterations in liver morphology
were examined by Masson and hematoxylin and eosin (H&E) staining. The liver tissues were fixed in 10% neutral formalin liquid for 24 h at room temperature, followed by fully-automatic dehydration, paraffin-embedding and slicing into tissue sections (4 mm). Serial liver slices were stained with Masson's trichrome stain (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 10-20 min at room temperature, and H&E for 45 min at room temperature.
Statistical analysis. Data were acquired from three independent experiments and are presented as the mean ± standard deviation. Comparisons between two groups were performed using the Student's t-test, and a paired Student's t-test was used to analyze paired data. Comparisons among three or more groups were performed using one-way analysis of variance. Comparisons among three or more groups were performed with the Bonferroni correction used as a post hoc test. P<0.05 was considered to indicate a statistically significant difference. The statistical analysis was performed using SPSS software (SPSS for Windows 17.0; SPSS Inc., Chicago, IL, USA).
Results

miRNA-219 is downregulated in patient serum.
To investigate whether miRNA-219 serves a role in liver fibrosis, miRNA-219 expression in clinical blood samples was detected using RT-qPCR. As demonstrated in Fig. 1A , the expression of miR-219 was significantly decreased in the serum of patients when compared with the controls. To obtain further insight into the clinical relevance, the expression levels of miR-219 were compared in the blood samples of patients with various clinical pathological features. Notably, miR-219 was negatively associated with clinical stage, as demonstrated in Fig. 1B , and the transfection with miR-219 was successful (Fig. 1C) . In summary, these data suggested that miRNA-219 may be involved in the development and progression of liver fibrotic responses.
TGFBR2 is verified as a direct binding target of miR-219.
It has been reported that the TGFBR gene serves as a useful indictor associated with fibrotic events (21, 22) . Using publicly accessible databases, the present study identified the putative miR-219 target sites in the 3'-UTR region of TGFBR2, as demonstrated in Fig. 2A . To further demonstrate whether TGFBR2 is a direct target of miR-219, the two putative miR-219 target sites (WT or Mut miR-219 target sequences) were fused into a luciferase reporter gene. Subsequently, HSCs were co-transfected with pmiR-WT or pmiR-Mut reporter and miR-219 mimics or controls, and cultured for 36 h, prior to a luciferase reporter assay being performed. As demonstrated in Fig. 2B , cells transfected with miR-219 mimics exhibited significantly decreased luciferase activity from the WT 3'-UTR reporter gene, while treatment with miR-219 mimics failed to affect the luciferase activity of the mutant reporter gene. These observations indicated that miR-219 is able to directly bind to the 3'-UTR of TGFBR2. In order to further investigate whether miR-219 is able to successfully modulate TGFBR2 expression in HSCs, the subsequent experiments were performed to determine TGFBR2 expression in cells transfected with miR-219 mimics or controls. As demonstrated in Fig. 2C , the RT-qPCR results revealed that treatment with miR-219-mimics strongly attenuated TGFBR2 expression at the mRNA level compared with the controls. In line with this, western blot analysis indicated that cells transfected with miR-219 mimics exhibited significantly decreased TGFBR2 protein expression compared with the controls (Fig. 2D ). These observations suggested that miR-219 may repress TGFBR2 expression at the mRNA and protein levels in HSCs by directly targeting the 3'-UTR of TGFBR2. miRNA-219 represses α-SMA expression in vitro. Next, transfected HSCs were used to elucidate the functional significance of miRNA-219 in liver fibrosis. Ang II has been demonstrated to promote hepatic fibrogenesis and to upregulate miRNA expression in HSCs (23) . To identify whether AngII exerts an effect on miR-219 expression during liver fibrotic disease, HSCs were exposed to AngII for 48 h. RT-qPCR was used to examine miR-219 expression at the mRNA level, and the results revealed that miR-219 exhibited significantly decreased expression in response to AngII compared with the controls (Fig. 3A) . Additionally, using immunofluorescence cytochemistry, α-SMA expression was revealed to be increased following the activation of AngII in HSCs, whereas this response was reversed by treatment with miR-219 (Fig. 3B) . These data indicated that miR-219 was able to downregulate AngII-induced α-SMA expression in liver fibrosis.
miRNA-219 inhibits liver fibrosis by downregulation of pro-fibrotic markers.
It is well known that the accumulation of α-SMA, FSP1 and collagen can contribute toward fibrotic diseases (24, 25) . To investigate the functional role of miR-219 in the liver fibrotic response, RT-qPCR was performed to determine the expression of α-SMA, FSP1 and collagen I in response to miR-219. As demonstrated in Fig. 4 , transfection with miRNA-219-mimics significantly attenuated the mRNA expression of α-SMA, FSP1 and collagen I, compared with treatment with AngII alone. These data revealed that miR-219 exhibited an inhibitory effect in liver fibrosis via downregulation of pro-fibrotic markers.
miR-219 serves an important role in a mouse chronic liver injury model. An in vivo study was performed to obtain insight into the implications of miR-219 in the regulation of liver fibrosis in a mouse model. miRNA expression analysis was conducted from the liver tissues collected, and the results indicated that the mRNA expression of collagen type I and III was increased in mice treated with CCl 4 (Fig. 5A and B) . By contrast, miR-219 treatment markedly decreased the expression of the aforementioned pro-fibrotic indictors in a chronic mouse liver injury model (Fig. 5A and B) , which was consistent with the in vitro study. Furthermore, histological examination revealed that treatment with CCl 4 led to apparent lymphocyte infiltration and collagen deposition in liver tissues, whereas attenuation was identified in mice injected with miR-219, as presented in Fig. 5C . Taken together, these results suggested that miR-219 serves as an important agent in the control of collagen deposition during liver fibrosis in vivo.
Discussion
Hepatic fibrosis, which is regarded as a scarring process, is associated with an accumulated and altered deposition of ECM in the liver. This progressive fibrotic response was characterized by cellular activation of HSCs, and aberrant expression of cellular factors and downstream molecule regulators (26) . Recent studies have demonstrated that a certain number of miRNAs are involved in numerous cellular processes, including proliferation, migration, apoptosis, differentiation, the cell cycle and tumorigenesis (27) . An increasing volume of evidence has revealed that a number of miRNAs function as critical regulators in alcoholic liver disease and fibrotic disorders. However, the role of miR-219 in liver fibrosis remains largely unknown. The present study reported on the functional relevance of miR-219 in liver fibrotic responses in vitro and in vivo. Notably, the present study provided evidence of the mechanism by which miR-219 may regulate pro-fibrotic markers implicated in liver fibrogenesis. Accordingly, it was demonstrated that miR-219 overexpression may contribute toward the diagnosis and treatment of liver fibrosis.
Little is known regarding the expression of miRNA-219 in liver fibrosis. A previous study demonstrated that miR-219 was potentially involved in the progression and metastasis of gastric cancer (28) . miR-219 has also been demonstrated to be markedly attenuated in hepatocellular carcinoma, displaying a tumor-inhibitory role in hepatic carcinogenesis in HCC cell lines and tissues (29) . Additionally, miR-219 suppressed the proliferation and growth of a variety of cells (30, 31) . Notably, the present study identified an association between the expression of miR-219 and liver fibrosis. By analyzing the expression levels of serum miR-219 in clinical blood samples, it was revealed that the downregulation of miR-219 primarily occurred in patients with liver fibrosis, and that its expression is negatively associated with clinical stage, suggesting that miR-219 may be associated with the development and progression of liver fibrotic disease. Therefore, miR-219 was introduced for further investigation due to its expression signature.
It has been widely accepted that AngII is implicated in the pathogenesis of fibrotic response in kidneys, lungs and livers (32) . Numerous studies have reported on AngII-mediated cardiac fibrosis through miRNA regulation. Siddesha et al (33) reported that AngII drives the migration of cardiac fibroblasts and thereby leads to cardiac fibrosis by inhibiting the expression of reversion inducing cysteine rich protein with kazal motifs, which is regarded as a critical agent for cardiac fibroblast migration (34) . AngII also represses pro-apoptotic phosphatase and tensin homolog, and activates matrix metallopeptidase 2 (35, 36) . In addition, a study undertaken by Ning et al (37) identified that treatment with AngII resulted in increased expression of miR-224 in adult rat cardiac fibroblasts. Ning et al (25) highlighted that AngII induced the NLR family pyrin domain containing 3 inflammasome/interleukin-1β axis and thus promoted HSC activation via the miR-21/sprouty RTK signaling antagonist 1/extracellular signal-regulated kinase/nuclear-κB pathway. Based on these findings in fibrotic events, the present study investigated whether AngII may promote liver fibrosis via regulation of miR-219 and the precise mechanism involved in this. The present study revealed that AngII treatment decreased the expression of miR-219 in HSCs. However, overexpression of miR-219 decreased α-SMA expression induced by AngII, suggesting that miR-219 exerted an important effect in HSCs via downregulation of this pro-fibrotic marker.
This notion was further supported by the results of in vitro and in vivo studies. Fibrotic markers, including α-SMA, FSP1 and collagen, may be induced to participate in the signaling conduction pathway in order to promote fibrosis. Furthermore, a previous study (38) reported that TGFβ1 enhanced α-SMA, COL1A1 and COL3A1 levels in order to drive renal fibrosis mediated by miR-433. Tian et al (39) reported that the apoptosis of hepatocytes induced by miR-34a markedly increased the expression of α-SMA, TGFβ1 and collagen I at the mRNA and protein levels. The present study used RT-qPCR to determine the mRNA expression levels of specific liver fibrosis-associated molecules, including α-SMA, FSP1 and collagen I in HSCs. Notably, it was demonstrated that miR-219 significantly downregulated the expression of α-SMA, FSP1 and collagen I. Furthermore, a CCl 4 -triggered mouse liver fibrosis model was proposed to validate the functional relevance of miR-219 in liver fibrosis. Histological examination indicated that CCl 4 induced apparent lymphocyte infiltration and collagen deposition in liver tissues, whereas miR-219 notably reversed this response by downregulating mRNA expression of collagen type I and III. These results emphasized the significance of miR-219 as a protective agent in liver fibrosis.
As described earlier, TGF-β ligands contribute toward multiple biological processes, including cell proliferation, apoptosis, hypertrophy and mesangial cell fibrosis. TGF-β ligand binding is known to promote the formation of TGFB2R dimers, and phosphorylation of threonine and serine residues activates TGFB1R. The activated TGF-β receptor, which recruits the downstream signaling mediator, sequentially initiates a signal transduction that eventually modifies gene expression, thereby resulting in a fibrotic response (40) . With regards to hepatic fibrogenesis, TGF-β serves a key role in the differentiation and progression of HSCs, which may increase the accumulation and deposition of collagen, leading to progressive fibrosis and organ dysfunction (41) . However, few studies have investigated the role of TGFB2R in liver fibrosis. To the best of our knowledge, the present study was the first to demonstrate that TGFB2R is regulated by miR-219 in liver fibrosis. A luciferase reporter assay indicated that miR-219 was able to directly bind to the 3'-UTR of TGFBR2, and further experiments demonstrated that transfection of miR-219 downregulated the expression of TGFBR2 at the mRNA and protein levels, suggesting TGFBR2 as a potential target of miR-219 implicated in fibrotic liver disease.
In conclusion, the present study provided a novel insight into the functional implications of miR-219 expression in the development and progression of liver fibrosis. It was also demonstrated that miR-219 overexpression served an inhibitory role in liver fibrosis by directly targeting TGFBR2. Therefore, the study provides a rationale for miR-219 as a promising biomarker for diagnosis and therapy of liver fibrosis.
